In mammals, cadmium is widely considered as a non-genotoxic carcinogen acting through a methylation-dependent epigenetic mechanism. Here, the effects of Cd treatment on the DNA methylation patten are examined together with its effect on chromatin reconfiguration in Posidonia oceanica. DNA methylation level and pattern were analysed in actively growing organs, under short-(6 h) and long-(2 d or 4 d) term and low (10 mM) and high (50 mM) doses of Cd, through a Methylation-Sensitive Amplification Polymorphism technique and an immunocytological approach, respectively. The expression of one member of the CHROMOMETHYLASE (CMT) family, a DNA methyltransferase, was also assessed by qRT-PCR. Nuclear chromatin ultrastructure was investigated by transmission electron microscopy. Cd treatment induced a DNA hypermethylation, as well as an up-regulation of CMT, indicating that de novo methylation did indeed occur. Moreover, a high dose of Cd led to a progressive heterochromatinization of interphase nuclei and apoptotic figures were also observed after long-term treatment. The data demonstrate that Cd perturbs the DNA methylation status through the involvement of a specific methyltransferase. Such changes are linked to nuclear chromatin reconfiguration likely to establish a new balance of expressed/repressed chromatin. Overall, the data show an epigenetic basis to the mechanism underlying Cd toxicity in plants.
Introduction
In the Mediterranean coastal ecosystem, the endemic seagrass Posidonia oceanica (L.) Delile plays a relevant role by ensuring primary production, water oxygenation and provides niches for some animals, besides counteracting coastal erosion through its widespread meadows (Ott, 1980; Piazzi et al., 1999; Alcoverro et al., 2001) . There is also considerable evidence that P. oceanica plants are able to absorb and accumulate metals from sediments (Sanchiz et al., 1990; Pergent-Martini, 1998; Maserti et al., 2005) thus influencing metal bioavailability in the marine ecosystem. For this reason, this seagrass is widely considered to be a metal bioindicator species (Maserti et al., 1988; Pergent et al., 1995; Lafabrie et al., 2007) . Cd is one of most widespread heavy metals in both terrestrial and marine environments.
Although not essential for plant growth, in terrestrial plants, Cd is readily absorbed by roots and translocated into aerial organs while, in acquatic plants, it is directly taken up by leaves. In plants, Cd absorption induces complex changes at the genetic, biochemical and physiological levels which ultimately account for its toxicity (Valle and Ulmer, 1972; Sanitz di Toppi and Gabrielli, 1999; Benavides et al., 2005; Weber et al., 2006; Liu et al., 2008) . The most obvious symptom of Cd toxicity is a reduction in plant growth due to an inhibition of photosynthesis, respiration, and nitrogen metabolism, as well as a reduction in water and mineral uptake (Ouzonidou et al., 1997; Perfus-Barbeoch et al., 2000; Shukla et al., 2003; Sobkowiak and Deckert, 2003) .
At the genetic level, in both animals and plants, Cd can induce chromosomal aberrations, abnormalities in
Roots in drying soil produce chemical signals such as abscisic acid (ABA) (Davies and Zhang, 1991) that can be transported to the shoots to modify their physiology. Early evidence for the existence of such signals was provided by experiments that split the root system between two pots. Plants that received irrigation to only one pot showed a similar leaf water status to those where both pots were well watered, yet stomata partially closed (Blackman and Davies, 1985) and leaf growth slowed (Gowing et al., 1990) , ostensibly as a result of chemical signals transported from the roots in drying soil. Although this type of experiment has been repeated with many species, the magnitude of stomatal closure has been highly variable (reviewed in Holbrook et al., 2002) , perhaps due to variation in the soil water content of the roots in 'wet' soil.
Recently, a model of root-to-shoot ABA signalling quantified the relationship between sap and ABA fluxes from different parts of the root system (Dodd et al., 2008a, b) by grafting sunflower (Helianthus annuus L.) shoots onto the root systems of two plants grown in two separate pots and placing sap flow sensors on each hypocotyl (below the graft union) of these 'two-root one-shoot' plants. Weighting the ABA contributions of wet and dry root systems to leaf xylem ABA concentration ([X-ABA] leaf ) according to the sap flow from each revealed an optimal dry pot soil water status that maximized ABA export from the entire root system (Dodd et al., 2008a, b) . The model predicts that the distribution of soil moisture between 'wet' and 'dry' pots (soil moisture heterogeneity) alters [X-ABA] leaf of plants at the same total soil water availability. Development of this model was stimulated by increasing interest in a specific irrigation strategy known as partial root zone drying (PRD). This technique was conceived essentially as a field adaptation of laboratory split-root experiments, in aiming to restrict vine water use and vegetative growth without incurring leaf water deficit (Dry and Loveys, 1999; Stoll et al., 2000) . Typically, one part of the root zone is irrigated at a time, with the wet and dry parts of the root zone periodically alternated to enhance ABA signalling transiently (Dodd et al., 2006) and/or prevent excessive soil drying diminishing the transport of chemical signals to the shoot (Stoll et al., 2000; Dodd et al., 2008a, b) . Most such experiments have been largely empirical, without direct measurements of chemical signalling. There has been intense discussion on the relative benefits of PRD and conventional deficit irrigation (DI) that applies water to the entire root zone. Meta-analyses comparing yield at similar irrigation volumes in a wide range of species demonstrated that PRD enhanced yield in only 20-40% of experiments (Dodd, 2009; Sadras, 2009) , suggesting that considerable additional work is required to translate improved knowledge of root-to-shoot signalling into viable irrigation management strategies to ensure benefits of PRD reproducibly.
Comparing PRD and DI in vines receiving the same irrigation amounts revealed only subtle differences in leaf water relations, water use, water use efficiency, crop yield, and fruit quality (Santos et al., 2003; Gu et al., 2004; Souza et al., 2005a, b; Intrigliolo and Castel, 2009 ). Other comparisons failed to detect differences in stomatal behaviour or [X-ABA] leaf (Marsal et al., 2008; Rodrigues et al., 2008) . However, in some cases PRD vines maintained better water status with a lower (Chaves et al., 2007; Rodrigues et al., 2008) , higher (Antolín et al., 2006) , or similar (Antolín et al., 2008) leaf area than DI vines. Furthermore, PRD decreased shoot growth and stomatal conductance of fieldgrown vines (Du Toit et al., 2003) . Multiple reasons have been suggested for the varied and inconsistent effects of PRD observed in field-grown vines, including different soil types (Kriedemann and Goodwin, 2003) , varieties, rootstocks, environmental and experimental conditions (Souza et al., 2005a, b; Chaves et al., 2007; Rodrigues et al., 2008) , root hydraulic redistribution (Smart et al., 2005) , and methodological problems in applying PRD and/or unsuitable irrigation management. Recent developments in ABA modelling (discussed above) provided a further stimulus to understand (and perhaps optimize) root-to-shoot ABA signalling under field conditions by integrating both physiological and agronomic research.
In this work, two different irrigation techniques (DI and PRD) were compared at the same irrigation volumes, aiming to distinguish effects of deficit irrigation per se (less water) from any specific PRD effects (placement of water) on vine physiology. Models of root-to-shoot ABA signalling in split-root plants (Dodd et al., 2008a, b) predicted that effects of PRD would depend on root water uptake from (and sap flow through) different parts of the root system. Consequently, detailed spatial and temporal measurements of soil water content, root water uptake from different parts of the root zone, and [X-ABA] leaf were necessary to interpret effects on root and leaf function.
Materials and methods

Experimental design
This research was carried out in a 1 ha vineyard at the CIFEA experimental station in Jumilla, Murcia (SE Spain) (latitude 38°23#40##N, longitude 1°25#30##W, elevation, 350 m). The climate is semi-arid Mediterranean, with hot and dry summers. Rainfall at the experimental site averaged 310 mm year �1 and occurred mainly in the spring and autumn, and the average total annual reference evapotranspiration (ETo) was 1240 mm. Vine rows ran N-NW to S-SE and the planting density was 2.5 m between rows and 1.25 m between vines (3200 vines ha
�1
). The study was performed on vines [Vitis vinifera L. Monastrell (syn. Mourvedre) grafted on 1103 Paulsen: a vigorous and drought tolerant rootstock (Alsina et al., 2011) ] that were planted in 1997.
Irrigation water supplied from a local well had an electrical conductivity of 1.6 dS m �1 . Five different irrigation treatments were applied during three consecutive years (2006) (2007) (2008) (Table 1) , from 1 April to 31 October in all years. The control treatment, designed to obtain high productivity and to minimize vine water stress during the whole season (April-October), received 60% ETc (crop evapotranspiration) throughout. PRD and DI treatments were applied under drip irrigation, from just after fruit set (pea size) (early June) until harvest (mid-late September) at 30% ETc in DI-1 and PRD-1, and at 15% ETc in PRD-2 and DI-2 ( Table 1 ). After that, 45% ETc was applied to all PRD and DI treatments from harvest to leaf fall (end of October) to raise soil moisture. The different DI and PRD strategies during pre-and post-veraison periods (implemented according to local grower practice) aimed to control excessive vegetative development, reduce berry size by preveraison water deficit, and stimulate berry accumulation of anthocyanins and other phenolic compounds by moderate or severe post-veraison water deficit.
Crop evapotranspiration (ETc ¼ ETo3k c ) was estimated using varying crop coefficients (k c ) based on those proposed by the Food and Agriculture Organization (FAO) and adjusted for the Mediterranean area and reference evapotranspiration (ETo) values. The crop coefficients applied were 0.35 in April, 0.45 in May, 0.5 in June, 0.75 in July and mid-August, 0.60 in the end of August to mid-September, and 0.45 for mid-September to the end of October. Reference evapotranspiration (ETo) was calculated weekly from the mean values of the preceding 7-9 years using the Penman Monteith-FAO method (Allen et al., 1998) and the daily climatic data collected in the meteorological station located in the same experimental vineyard belonging to the weather information service of Murcia (SIAM).
The experimental design comprised four replicates per treatment in a completely randomized four-block design, with 164 vines per replication (one row per replicate). Border vines in each row were excluded from the study to eliminate potential edge effects. Irrigation was applied 3-5 times a week towards the end of the day (21:00-01:00 h) and was controlled automatically by a headunit programmer and electro-hydraulic valves. All treatments received the same annual fertilizer amounts (40 kg N, 20 kg P, 60 kg K, and 16 kg Mg ha
, and 1.6 g Fe chelate per vine) supplied through the irrigation system from April to July. Irrigation volumes applied to each treatment (Table 1) were measured with flow meters. Water was applied with two pressure-compensated emitters per plant (type RAM, 4 l h �1 ), 62.5 cm apart, in one drip line per row for DI and control vines and on a double line per row for PRD vines. All drip lines were placed ;40 cm above ground. In each pipeline in PRD treatments, there were alternate zones with and without emitters, to create dry and wet root zones within each vine row (Fig. 1) . In PRD treatments, water was supplied to only one part of the root system, alternating emitters every 14-16 d in 2006 and 2007 and every 6-8 d in 2008 . In control and DI treatments, irrigation was supplied simultaneously to the entire root system. PRD treatments were applied throughout the whole season, comprising alternating cycles of PRD (switching irrigation on and off) during the year. The irrigation durations of PRD-1 and PRD-2 treatments were doubled compared with DI-1 and DI-2, respectively, to ensure the same irrigation volumes were applied.
Soil water content
The soil was a 60 cm fine clay (48% clay, 30% silt, 22% sand) with 1.4% organic matter content, 18.8% active CaCO 3 , EC sat (electrical conductivity) of 5.04 dS m �1 , and pH 7.6. Below 60-70 cm, the substrate was mainly a calcareous hard soil layer. Thirty-nine PVC tubes were installed in the vineyard in different treatments to measure soil water content periodically (Diviner) or continuously (C-probes) (see below). Although soil depth probably varied within the vineyard, <20% of the tubes could be installed deeper than 60 cm. In these cases, no root water uptake occurred at 70 cm in PRD-1 and PRD-2 vines (the only data available).
Volumetric soil water content (h v ) was generally measured 3-4 times per week (although daily in specific periods) during the experiment with a Diviner 2000 portable soil moisture probe (Sentek Pty Ltd, Australia). PVC access tubes (5 cm diameter) were installed to a depth of 60-70 cm in one (control and DI) or both (PRD) parts of the root zone ( Fig. 1 ). Readings were taken close to the vines, 10-15 cm from the drip head, at depths from 10 cm to 70 cm (maximum depth) for four replicates per treatments (one per block). Scaled frequency (SF) values were converted to h v using a capacitance probe calibration equation (h v ¼47.38 SF 3.12 , r 2 ¼0.93) for clay soil (of similar texture to the vineyard soil in the present experiments) as previously proposed (Rose et al., 2001) . Root water uptake rate (Dh v /Dt) was estimated at each depth as the changes occurring in h v (with time) between two irrigation events.
In 2007 and 2008 , h v was also monitored using C-Probeä FDR capacitance probes (C-Probe Corporation, Agrilink, Australia) with wireless radio telemetry (Adcon, Austria) and internet-based graphing software. PVC access tubes were installed for each probe in one (control and DI) or both (PRD) parts of the root zone, in one representative vine per treatment and placed 10-15 cm from the drip head ( Fig. 1 ) and oriented perpendicularly to the drip lines, with sensors at depths of 10, 30, and 60 cm. Readings of h v were taken every 15 min.
Leaf water relations, gas exchange, and ABA signalling Stem water potential (W s ) was determined using a pressure chamber (Model 3000; Soil Moisture Equipment. Corp., Santa Barbara, CA, USA) according to Scholander et al. (1965) , weekly from the beginning of vegetative growth until leaf fall. Xylem sap osmotic pressure was not measured, but was negligible compared with the hydrostatic pressure (Lovisolo and Tramontini, 2010) . Eight fully exposed and expanded mature leaves of the main shoots were taken per treatment (two leaves per block). Leaves were enclosed within foil-covered envelopes at least 2 h before measurement (McCutchan and Shackel, 1992) .
On specific days in 2007 and 2008 (the morning after an evening irrigation), and after determining leaf water potential (W l ), xylem sap was collected by applying an overpressure beween 0.3 MPa and 0.5 MPa (using N) for 1-4 min and then lightly touching the cut petiole with a glass capillary tube. Sap was immediately transferred to an Eppendorf tube, frozen in liquid nitrogen, then stored at -20°C prior to ABA measurement with radioimmunoassay (Quarrie et al., 1988) , using the monoclonal antibody AFRC MAC 252. Table 1 . Irrigation systems used, deficit irrigation (DI) strategies, and annual applied water for each irrigation treatment during the experimental period (2006) (2007) (2008) %ETc is the percentage of crop evapotranspiration applied in each period. Fig. 1 . Diagram of the pipeline layout in PRD and DI treatments, and location of the different sensors used in this experiment.
During selected periods of maximum water stress in 2007, leaf water potential (W l ) (in transpiring leaves) was measured at midday using the pressure chamber technique (as described above). After W l measurements, the same leaves were covered with plastic bags, frozen and stored at -20°C, thawed at room temperature (20°C), and a vapour pressure osmometer (Wescor 5500, Logan, UT, USA) was used to measure osmolality (mmol kg �1 ) of the cell sap expressed from a syringe. Osmolality was converted to osmotic potential (W p ) (MPa) using the conversion factor -0.002438, according to the Van't Hoff equation. Leaf turgor potential (W p ) was calculated as the difference between W l and W p .
Leaf relative water content (RWC) was measured at midday in transpiring leaves (similar to those used to measure W s and W l ) (two leaves per treatment and block). Sampled leaves were immediately weighed to determine fresh weight, and area was measured with a leaf area meter (Model 3000; Li-Cor, Lincoln, NE, USA). Leaves were rehydrated by submerging their petioles in deionized water for 24 h in the dark at 4°C to obtain turgid weight. Dry weight was calculated after drying the leaves to constant weight in an oven (65°C for 48 h). RWC was calculated using the equation: RWC (%)¼[(fresh weight-dry weight)/(turgid weight-dry weight)]3100. Osmotic potential at full turgor (W p 100 ) at midday was measured in the same plants and in leaves similar to those used to measure RWC and W s . Twelve leaves per treatment (three leaves per treatment and block) were sampled, rehydrated to full turgor as described above, then immediately stored in a freezer at -20°C for later determination of osmotic potential (W p ) as described above.
Leaf gas exchange was measured between 09:00 h and 11:00 h weekly from April to October in all years on selected clear days. Measurements were made on healthy, fully expanded mature leaves exposed to the sun (one leaf on 8-12 vines per treatment), from main shoots in exterior mid-high canopy positions and close to those used to determine W s . Net CO 2 assimilation rate (A), stomatal conductance to water vapour (g s ), and transpiration rate (E) were measured with a portable photosynthesis measurement system (LI-6400, Li-Cor) equipped with a broadleaf chamber (6 cm 2 ). During measurements, leaf chamber temperature was maintained between 25°C and 32°C, and relative humidity at 40-50%; thus leaf to air vapour pressure difference (VPD) was 2.060.5 kPa. Molar air flow rate inside the leaf chamber was 350 lmol mol �1 . All measurements were taken at a reference CO 2 concentration similar to ambient (380 lmol mol �1 ) and at a saturating photosynthetic photon flux of 1500 lmol m �2 s
�1
supplied by a red/blue light source (6400-02B LED) attached to the leaf chamber. Whole-plant hydraulic conductance Plant hydraulic conductance (K plant ), the ratio of flow through the plant to the driving force for flow (Lo Gullo et al., 2003) , was estimated at veraison in 2007 and 2008 using the 'evaporative flux' method (Nardini and Salleo, 2000) based on Ohm's law hydraulic analogue: K plant ¼E md /(W soil -W l min ) where E md is the maximum transpiration rate and W soil -W l min are soil and minimum diurnal leaf water potential, respectively. It was assumed that soil water potential was equal to pre-dawn leaf water potential (Lovisolo and Tramontini, 2010) while E md and W l min were measured between 12:00 h and 17:00 h, since plants are likely to have transpired the available soil water during this time (Lo Gullo et al., 2003) . K plant was then scaled to total vine leaf area, following non-destructive measurements of total leaf area in the same vines used for hydraulic measurements.
Statistical analysis
Data were analysed using analysis of variance (ANOVA) procedures and means were separated by Duncań s Multiple Range Test using Statgraphics 2.0 Plus software (Statistical Graphics Corp., USA). Linear regressions were fitted using SigmaPlot 2000 (Systat, Richmond, CA, USA).
Results
Seasonal patterns of soil water content
In the control treatment, volumetric soil water content (h v ) at 0-60 cm depth was maintained close to field capacity, averaging 31% in 2007 and 30% in 2008 (Table 2) . PRD treatments showed the expected cyclical patterns of drying and rewatering, with h v-dry significantly lower than h v-wet (Fig. 2) . Longer drying cycles in 2007 (14-16 d) than in 2008 (6-8 d) dried more of the soil profile (to 40 cm depth in PRD-1 vines; data not shown) and magnified differences between h v-dry and h v-wet. These differences were greater in PRD-1 vines as the irrigated root zone was wetter, while h v-dry at 0-30 cm depth was similar in PRD-1 and PRD-2 vines (Table 2 ) ( Figure 2C, D) . Irrigated soil of PRD-1 vines was significantly wetter than DI-1 and other treatments in both the upper (0-30 cm where fine root density was greatest) and entire measurable (0-60 cm) parts of the soil profile (Table 2) . Although average soil water content (in dry and wet parts) of the upper soil layers (0-30 cm) of PRD-1 vines was generally lower than in the DI-1 treatment, it was significantly higher when considering more of the soil profile (0-60 cm), indicating deeper water percolation through the soil under PRD-1 vines.
In both years, PRD-2 vines maintained h v-wet similar to DI-2 vines (Table 2 ). In contrast, average soil water content (dry and wet) in the entire soil profile (0-60 cm) of PRD-2 vines was generally lower than in DI-2 vines, indicative of lower total soil water availability in the entire root zone (Table 2) .
Root water uptake
Although total root water uptake (Dh v /Dt) of PRD-1 vines (adding wet and dry parts and averaged across all cycles) was less than that of DI-1 vines at 10 cm depth and similar at 20 cm depth, it was significantly higher at 30-40 cm (Fig. 3A) . Thus total Dh v /Dt (at 0-30 cm) was similar to that of DI-1 vines, but significantly higher at 40-60 cm (Fig.  3A) . PRD-1 vines showed a significantly higher root water extraction in the wet irrigated zone, (especially between 20 cm and 40 cm depth) compared with DI-1 vines (in 2007, Fig, 3A ; and in 2008, data not shown), associated with a higher soil water content than DI-1 (Table 2 ). In contrast, although Dh v /Dt in the irrigated root zones was similar in PRD-2 and DI-2 vines at all measured depths (Fig. 3B) , total Dh v /Dt of PRD-2 vines was lower, mainly due to less water extraction from the upper soil layers (Fig. 3B ). PRD-2 also showed a slower recovery of h v at 30 cm than PRD-1 after rewatering ( Fig. 2A, B) . Continuous records of soil water content at 30 cm depth (in 2007) in the drying root zone showed a progressive decrease in daily root water extraction with increased soil drying ( Fig. 2A, B) . Detailed temporal analysis showed that during the first week of soil drying, PRD-1 vines had a lower h v-dry but similar root water uptake rate (Dh v /Dt) to DI-1 vines (Fig. 3C) . However, PRD-2 vines had a significantly lower total Dh v /Dt (0-60 cm) in the dry root zone compared with other treatments, in agreement with the significantly lower soil water content (Fig. 3C) . Another week of soil drying further reduced h v-dry and Dh v /Dt to similar low levels in PRD-1 and PRD-2 treatments (Fig. 3D) .
During the first half of the shorter soil drying cycles imposed in 2008, PRD-1 vines maintained similar h v-dry and Dh v /Dt (0-60 cm) to DI-1 vines (Fig. 3E) , mainly due to a significantly higher root water uptake at 40-60 cm depth; data not shown). Although PRD-2 vines were exposed to drier soil than DI-2 vines during this period, they maintained a similar Dh v /Dt (Fig. 3E) . Only during the latter half of the drying cycle did h v-dry and Dh v /Dt of PRD vines decrease significantly compared with DI vines receiving the same irrigation volumes (Fig. 3F ).
Seasonal variation in plant performance
DI and PRD plants receiving the same irrigation volumes maintained a similar W s (Table 3) , but K plant and g s in 2007, and K plant , A, g s , and E in 2008 were significantly less in DI-1 than in PRD-1 vines (Table 3 ). The latter treatment maintained similar gas exchange to control vines. Also, A/g s was higher in DI-1 than in PRD-1 and control vines (Table 3 ). This stomatal response was maintained post-veraison (;2 months) in 2008 (data not shown). Interestingly, PRD-1 vines also showed a significantly higher total leaf area than DI-1 vines when measured post-veraison (Fig. 4) . However, there were no significant differences in total leaf area, vine water status, and gas exchange between PRD-2 and DI-2 vines, although in 2008 PRD-2 vines exhibited significantly lower K plant (18% lower) than DI-2 vines (Table 3) .
Treatments also varied significantly in leaf xylem sap ABA concentration ([X-ABA] leaf ) when measured during the morning at the end of the PRD cycle in 2007 and at the beginning of the PRD cycle in 2008. Control vines always showed the lowest [X-ABA] leaf and there were no significant differences between PRD-1 and DI-1 vines. Interestingly, PRD-2 vines always had the highest [X-ABA] leaf , which was significantly higher than DI-2 and other treatments in 2008 and the controls in 2007 (Table 3) . PRD effects varied according to when in the drying cycle measurements were made. In 2007, at the beginning of the PRD cycles, mean W S , A, and g s were similar between treatments applying the same irrigation volumes, but E was significantly higher in PRD-1 than in DI-1 vines (Table 4) . Moreover, leaf level water use efficiency (A/g s ) was significantly lower in PRD-1 vines compared with DI-1 vines (data not shown), due to similar A but higher g s (Table 4 ). This effect was not observed when treatments received less water (PRD-2 and DI-2). In 2008 at the beginning of the PRD cycles, PRD-2 vines showed significantly lower gas exchange and higher A/g s (data not shown) than DI-2 vines. These effects were transient and ANOVA *** ** * *** *** *** *** *P <0.05; **P <0.01; ***P < 0.001. In each column, values followed by different letters are significantly different according to Duncan's multiple range test at the 95% confidence level. disappeared or were attenuated at the end of the PRD cycles (Table 4) . Pre-veraison, leaf water potential declined as irrigation volume declined, with no significant differences between PRD and DI treatments (Table 5) . Similarly, leaf osmotic potential, turgor potential, and RWC were not clearly affected by irrigation placement either pre-or post-veraison (Table 5) , although RWC was significantly higher in control vines preveraison, and control, PRD-1, and DI-1 vines post-veraison. Pre-veraison, osmotic potential at full turgor was significantly lower in DI and PRD treatments compared with the control, although osmotic adjustment was limited (0.28 MPa), and this effect was not detected post-veraison (Table 5) .
Diurnal changes in leaf water relations, gas exchange, and ABA signalling Throughout a typical day during a period of severe water stress (25 July 2008, <24 h after alternating wet and dry root zones), stem water potential and gas exchange of PRD-1 vines was significantly higher than those of DI-1 vines, and more similar to those of control vines (Fig. 5C , Table 4 . Transitory effects of PRD on leaf water status and gas exchange at the beginning and end of PRD cycles in 2007 and 2008 Mean values were calculated from measurements of 4-6 PRD cycles during the growing season. E, H, J). Differences in A and g s between PRD-1 and DI-1 vines were minimized at 14:00 h compared with midmorning and afternoon, with PRD-1 vines showing faster evening recovery of gas exchange than DI-1 vines (Fig. 5E,  H) . However, A/g s of DI-1 vines was significantly higher than that of PRD-1 and control vines throughout the day (Fig. 5L) . PRD-2 and DI-2 vines showed no significant differences in W s , A, and g s or A/g s although mean leaf transpiration was significantly lower in PRD-2 than DI-2 vines during the day (Fig. 5K) . In better-irrigated vines, mid-morning [X-ABA] leaf was lowest, while [X-ABA] leaf in PRD-2 and DI-2 vines was fairly constant throughout the day (Fig. 5A, B) . Over the entire morning (9:00-15:00 h), mean [X-ABA] leaf was significantly higher in PRD-2 than in other treatments, with all deficit treatments higher than the control. Similar stomatal behaviour and ABA signalling to that described above was also observed after alternating wet and dry root zones of PRD vines throughout the morning of 7 July 2008 ( Supplementary Fig. S1 available at JXB online). On this day, leaf water potential (W l ), g s , and E significantly decreased, while A/g s significantly increased, as [X-ABA] leaf increased (Fig. 6 ).
Discussion
Partial root zone drying aims to impose soil moisture heterogeneity intentionally within the plant root zone (both spatially and temporally) to modulate root-to-shoot signalling, thereby altering shoot physiology. Yet PRD-specific physiological changes cannot always be discriminated (Marsal et al., 2008; Rodrigues et al., 2008; Intrigliolo and Castel, 2009) , perhaps because heterogeneous distribution of soil moisture is not always achieved (Dodd et al., 2008b) . While PRD may be more easily imposed on sandy soils that allow high infiltration rates and deep root zones (Kriedemann and Goodwin, 2003) than on poorly structured, shallower clay soils (Stewart, 2005) , significant spatial and temporal variation of h v occurred throughout most of the growing season (Table 2 ). The extent of upper soil drying by PRD vines depended on drying cycle duration.
It is uncertain whether roots exposed to drying soil for long periods can survive and remain physiologically active, or lose contact with the soil and thus their ability to sense the rhizosphere environment. Root function was not irreversibly damaged despite root water uptake progressively decreasing with h v (minimal h v coincided with the lowest or no further water uptake; Fig. 2 ), as rewatering allowed complete recovery of water uptake. This recovery was slower in PRD-2 (2-3 d) than in PRD-1 vines (1 d) (cf. Fig. 2A, B) even though a similar minimum h v-dry (Fig. 2C, D) was attained, probably due to different irrigation volumes applied during rewatering. Initiation of new secondary roots by rewatering (Kang and Zhang, 2004) may facilitate this recovery, and ensure sensitive responses to subsequent soil drying episodes.
Theoretically, the 'wet' side of PRD plants should receive sufficient water to prevent excessive soil drying and maintain a favourable plant water status (Dry et al., 2000a, b; Chaves and Oliveira, 2004) . Although PRD-1 vines had h v-wet significantly higher than DI-1 and control vines (close to field capacity; Table 2 ), a moderate leaf water stress occurred mainly post-veraison as in DI-1 vines (Tables 3, 4) . Other leaf water status indicators (Table 5) generally decreased compared with the control, but did not show any significant effect of irrigation placement, indicating subtle differences in leaf water relations between PRD and DI as previously reported in grapevines (Gu et al., 2004; Souza et al., 2005a; Rodrigues et al., 2008) .
PRD-1 vines extracted more water from deeper soil layers during soil drying (Fig. 3A) as previously observed (Kriedemann and Goodwin, 2003; Gu et al., 2004; Collins et al., 2010) , indicating a larger and deeper root system than DI-1 vines. Greater water uptake from roots in the wet part of the root zone in PRD-1 vines (compared with DI-1), especially between 20 cm and 40 cm deep (Fig. 3A) , compensated for diminished water uptake from drier soil (Kang et al., 2002; Hu et al., 2011) . Increased root hydraulic conductance of plants grown with PRD (Kang et al., 2003) , putative ABAmediated stimulation of aquaporin activity , and induction of new roots after drying and rewetting cycles (Kang and Zhang, 2004 ) may be involved.
Altered spatial distribution of root water uptake, and increased whole-plant hydraulic conductance (Table 3) , supported higher daily leaf water use and photosynthesis (Tables 3, 4 , Fig. 5 ) of PRD-1 vines, but decreased transpiration efficiency (expressed as A/g s ). Whereas PRD often inhibits canopy leaf area and water use, and increases water use efficiency (Stoll et al., 2000; Davies et al., 2002; Santos et al., 2003; Kang and Zhang 2004; Chaves et al., 2007 Chaves et al., , 2010 , greater water uptake, increased plant hydraulic conductance and leaf area, and larger canopy water use by PRD-1 vines probably reflected a greater ability of root systems to capture water (Alsina et al., 2011) .
Differences in leaf turgor (Table 5) or [X-ABA] leaf (Table 3) could not account for the greater water use of PRD-1 vines. Indeed, greater water extraction from the upper layers in the wet root zone and from deeper and wetter soil layers probably diluted the ABA signal generated by roots in contact with drier soil, thereby resulting in similar [X-ABA] leaf of PRD-1 and DI-1 vines. Other non-hydraulic (cytokinins, xylem sap pH) signals and their interactions may also be involved in regulating leaf water use under PRD (Kudoyarova et al., 2007) .
The responses of PRD-2 vines were more typical. Although irrigated parts of the root zone had similar h v in DI-2 and PRD-2 vines, overall the latter had less soil water available (Table 2) , decreasing root water uptake from the upper soil layers and whole-plant hydraulic conductance (in 2008, Table 3 ). For PRD-2 vines, active roots mostly located in the upper layers (mainly at 10-30 cm) were unable to compensate by increasing water uptake from the irrigated root zone. Nevertheless, leaf water relations were similar between PRD-2 and DI-2 vines (Table 5) , and the enhanced transient stomatal closure of PRD-2 vines may be due to differences in root-to-shoot ABA signalling since leaf gas exchange and [X-ABA] leaf were significantly correlated (Fig. 6) . Increased [X-ABA] leaf of PRD-2 vines compared with the other treatments (Table 3) could be due to lower root water uptake (a sap concentration effect) and/or increased root ABA biosynthesis (a PRD effect) (Fig. 3C-F) .
Contrasting stomatal behaviour between PRD and DI plants receiving the same irrigation volumes occurred mainly at the beginning of PRD cycles after alternation of wet and dry parts of the root zone, and was attenuated by the end of the PRD cycles (Table 4) . Restricted leaf water use immediately following irrigation alternation in PRD-2 vines was closely correlated with transient (<24 h) increases in [X-ABA] leaf , (Fig. 5, and Fig. S1 , supporting information) and seemingly paralleled the resumption of water uptake from roots that had been in drying soil (Fig. 2) . These results apparently support the hypothesis that rewatering the dry part of the root system transiently increased [X-ABA] leaf as the root ABA pool accumulated during soil drying was liberated to the transpiration stream once these roots again contributed proportionally more to total sap flow (Dodd et al., 2006 (Dodd et al., , 2008a . However, root ABA export probably decreased towards the end of the drying cycles as progressive soil drying limited sap flow (and root water uptake) from those roots (Fig. 3A, B) as predicted from laboratory studies (Dodd et al., 2008a, b) , causing similar stomatal behaviour of PRD and DI plants.
To conclude, distinctive physiological effects of PRD (compared with DI treatments receiving the same irrigation volumes) depended on the total soil water content available. Compared with DI-1, ample irrigation of the wet root zone in PRD-1 vines (h v-wet 29-33%, close to field capacity) and deeper water percolation maintained deeper root water uptake, better hydraulic supply (higher K plant ), higher leaf area, and high transpirational fluxes. In contrast, less irrigation of the wet root zone in PRD-2 vines (h v-wet 22-26%) prevented deep percolation and probably deeper root proliferation, decreasing total root water uptake, K plant , and leaf water use compared with DI-2 vines. The higher [X-ABA] leaf of PRD-2 (than PRD-1) plants despite a similar h v-dry indicates that their stomatal behaviour was more closely related to h v-wet (as predicted by a model of sap flow during PRD; Dodd et al. 2008a, b) . Thus h v-wet , [X-ABA] leaf , and gas exchange of PRD vines were closely correlated, while h v-dry and [X-ABA] leaf were not. Irrigation frequencies and volumes to the wet part of the root system seem critical to operating this irrigation technique successfully to increase root-to-shoot ABA signalling and crop water use efficiency. Further research will determine whether these distinctive PRD-specific physiological changes alter berry composition and wine quality.
Supplementary data
Supplementary data are available at JXB online. Figure S1 . Diurnal course of [X-ABA] leaf , mid-day stem water potential, leaf photosynthesis rate, stomatal conductance, leaf transpiration rate, and intrinsic water use efficiency on 7 July 2008 (the day following irrigation and alternation of wet and dry sides in PRD plants) for each irrigation treatment.
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